Amyloid fibrils are a hallmark of neurodegenerative diseases and exhibit a conformational diversity that governs their pathological functions. Despite recent findings concerning the pathological role of their conformational diversity, the way in which the heterogeneous conformations of amyloid fibrils can be formed has remained elusive. Here, we show that microwave-assisted chemistry affects the self-assembly process of amyloid fibril formation, which results in their conformational heterogeneity. In particular, microwave-assisted chemistry allows for delicate control of the thermodynamics of the self-assembly process, which enabled us to tune the molecular structure of β-lactoglobulin amyloid fibrils. The heterogeneous conformations of amyloid fibrils, which can be tuned with microwave-assisted chemistry, are attributed to the microwave-driven thermal energy affecting the electrostatic interaction during the self-assembly process. Our study demonstrates how microwave-assisted chemistry can be used to gain insight into the origin of conformational heterogeneity of amyloid fibrils as well as the design principles showing how the molecular structures of amyloid fibrils can be controlled.
. In particular, the aggregation of some intact proteins (e.g., prion protein 7 ) or protein fragments (formed due to secretase-driven cleavage or partial unfolding 8 ) leads to the formation of highly ordered amyloid structures such as amyloid oligomers, amyloid small aggregates, and amyloid fibrils. These ordered, small aggregates, which include pre-fibrillar forms (e.g., oligomers) and short amyloid fibrils, have recently been highlighted because of their toxicity to functional cells 4, 5 . In addition, the fibrillar structures (i.e., long amyloid fibrils) have been reported to be able to disrupt the cell membrane 9 . This finding suggests that for the effective treatment of amyloid-driven pathologies, it is of great importance to understand how intact proteins or protein fragments are aggregated to form ordered structures such as amyloid fibrils. Despite the important role of protein aggregation on disease pathogenesis, it has not yet been fully understood how the self-assembly process, i.e., the protein aggregation mechanism, governs the molecular structures of protein aggregates such as amyloid fibrils.
In addition to their pathological role, amyloid fibrils have recently been reported to serve as biocompatible and functional materials. For instance, amyloid fibrils deposited onto an inorganic surface can lead to the formation of a biological thin film that is suitable for bacterial growth act as a catalytic scaffold 12 that enhances a biochemical reaction, and as a transporting or storing agent that contains or transmits genetic information 13, 14 and/or hormones 15 . Moreover, amyloid fibrils have recently been employed for developing biomimetic and functional materials whose material properties can be controlled. For example, researchers in Zurich 16 developed a biomimetic composite material that was synthesized by coupling amyloid fibrils and graphene sheets and showed that the material properties of such a composite material can be tuned by the chemical environment, such as humidity. Moreover, researchers in Cambridge 17 demonstrated that a thin film made of amyloid fibrils is not only biologically compatible but also mechanically strong such that the mechanical properties of this film are comparable to those of mechanically strong protein materials such as keratin.
To unveil the mechanisms of amyloid-driven disease expression and to develop biomimetic materials whose material properties can be controllable, it is necessary to understand the self-assembly process that governs the formation of amyloid fibrils, particularly their molecular structures. It has recently been reported that amyloid fibrils can exhibit conformational (structural) diversity, which is a key factor in determining their biological functions 3 and materials properties 18 . For instance, prion infectivity is determined by the molecular structures of prion amyloid aggregates 7 such as the size of PrP amyloids 19 and the helical structures of (HET-s) prion amyloids 20, 21 . The prion strain phenotypes are determined by the molecular structures of Sup35 prion fibrils, which are highly correlated with their fracture toughness 22 . The toxicity of amyloid protein aggregates has recently been found to be related to their molecular structures, such as their length, such that amyloid particles that are <10 nm long are cytotoxic 23, 24 . Moreover, recent studies [25] [26] [27] [28] have reported that the material properties of amyloid fibrils, such as their mechanical properties, are determined by the molecular structures of fibrils (e.g., steric zipper pattern 29 ). Specifically, the structural feature of amyloid fibrils, such as steric zipper pattern 27, 28 , helical pattern 26 , and length 25 , is a key design parameter that determines the material properties of amyloid fibrils. Despite these recent findings 7, [18] [19] [20] [22] [23] [24] [25] [26] [27] [28] [29] [30] of the important role that the structure (conformation) of amyloid fibrils plays in their biological functions and material properties, it is not well understood how the molecular structures and conformational diversity of amyloid fibrils are determined.
To understand how amyloid fibrils with heterogeneous conformations can be formed, we employed microwave-assisted chemistry 31 , which enables the acceleration of biochemical reactions 32, 33 (e.g., protein aggregation). We note that although recent studies 34, 35 have reported the microwave-based fast synthesis of amyloid fibrils, these studies 34, 35 did not provide any insight into how microwave irradiation affects the protein aggregation mechanism and, consequently, the conformational diversity of amyloid fibrils. Here, we use β -lactoglobulin (β lg) as a model protein because when β lg proteins are aggregated to form β lg amyloid fibrils, they exhibit polymorphic structures 34, [36] [37] [38] . The existence of polymorphic structures for β lg amyloid fibrils led us to study whether microwave-assisted chemistry may be able to control the conformations of these amyloid fibrils. In this work, it is shown that microwave-assisted chemistry enabled us to identify the structurally diverse amyloid fibrils by controlling the thermodynamics of self-assembly and to tune the conformations of β lg amyloid fibrils. Our study provides insight into not only how the amyloid fibrils with conformational heterogeneity can be formed but also how we can control the conformation of amyloid fibrils, which is a key factor in governing their biological functions and material properties. Figure 1 illustrates the principle of microwave-assisted chemistry for the synthesis of amyloid fibrils. The microwave-driven acceleration of protein aggregation is attributed to the fact that the temperature distribution of a protein solution heated by microwaves is different from that heated using a classical heating method (Fig. 1a,b) . Specifically, microwave irradiation directly increases the temperature of the protein solution because of the microwave-induced rotation of water molecules 39 . By contrast, classical heating methods increase the temperature of air (due to its specific heat) rather than the solution, and heat is then transferred to the solution. In the case of classical heating-based synthesis, both β lg amyloid fibrils and amyloid small aggregates are formed (Fig. 1c) , whereas microwave-based chemistry results in the formation of amyloid fibrils with a length of L = ~2 μ m (Fig. 1d) . Notably, microwave-assisted chemistry enabled the rapid synthesis of amyloid fibrils within a few hours (even less than an hour) compared with classical heating methods, which typically require more than several hours.
Results
To manipulate the protein aggregation mechanism, we attempted to transfer microwave to a protein solution based on chronic intermittent irradiation (Fig. S1-S7 ) by controlling the microwave irradiation time (τ), the time interval for irradiation (λ), and the number of irradiations (N). The optimal condition of microwave irradiation is found to be τ = 10 sec such that the optimal energy influx due to wave irradiation is measured as E = 0.8 kJ (Supplementary Materials). Based on the optimal energy influx, we found that the structural characteristics of amyloid fibrils depend on the time interval. The irradiation with λ = 60 sec results in the formation of short amyloid fibrils with a length of L = 0.3 ± 0.2 μ m, whereas λ ≥ 80 sec leads to the formation of long amyloid fibrils with a length of >1 μ m (Fig. 2a) . Now, we characterize the structural features of long amyloid fibrils that are synthesized with λ ≥ 80 sec (Fig. 2) . It is shown that wave irradiation with λ = 80 sec enhances the longitudinal growth of amyloid fibril compared with other λ values. In particular, we found that the diameter of the fibrils synthesized with λ = 80 sec was d = 1.1 ± 0.3 nm, which is smaller than that of other fibrils made with other values of λ, and that the aspect ratio of the fibrils made at λ = 80 sec is larger than that of other fibrils synthesized with other λ's (data not shown). Here, the aspect ratio of amyloid fibril is defined as the ratio of fibril length with respect to fibril diameter. This result suggests that microwave irradiation with λ = 80 sec optimizes the longitudinal growth of amyloid fibrils but does not critically induce their radial growth. In other words, the wave irradiation with λ = 80 sec induces a critical temperature (T C = ~100 °C), at which the longitudinal growth of amyloid fibril is maximized but the radial growth is not optimized. This may occur because at T C, the unfolding rate of lactoglobulin protein necessary for the longitudinal growth is increased but hydrogen-mediated bonding for the radial growth is hindered 40 . Here, it should be noted that the irradiation with λ = 120-240 sec leads to the temperature of a protein solution being estimated as 70-80 °C (< T C ). It is shown that as λ increases, the diameter of the fibril also increases, which may be ascribed to the reaction time that increases with respect to λ. The diameter of the fibril formed based on λ ≥ 80 sec is measured in a range of 1.1 to 2.0 nm (Fig. 2c) , which corresponds to the diameter of the amyloid protofilament. This suggests that microwave-assisted synthesis allows for the formation of only amyloid protofilaments rather than the multi-stranded fibrils 36, 41 that are usually obtained via a classical heating method. More remarkably, the most probable helical pitch of amyloid fibril formed at λ = 80 sec is given by P = ~80 nm, whereas the other probable helical pitches are estimated to be P = 45, 60, and 105 nm, respectively (Fig. 2d) . This may be attributed to an unstable stacking mechanism during protein aggregation 40 . However, in the case of λ > 80 sec, the distribution of helical pitches for amyloid fibrils is well fitted to a unimodal distribution, which implies a stable protein aggregation resulting in the fibril structure that depends on λ.
From our observation of the amyloid fibrils formed by microwave-assisted chemistry, we suggest three possible mechanisms of protein aggregations affected by microwaves (Fig. 3) . In Pathway A, the wave irradiation with a short time interval (i.e., λ < 80 sec) quickly increases the temperature of a protein solution over T C ; at this point, the native proteins are rapidly unfolded to be converted to denatured proteins, which results in the formation of small aggregates and short amyloid fibrils. In Pathway B, the wave irradiation with λ = 80 sec gradually increases the temperature of a protein solution to T C , when thin amyloid fibrils are formed with conformational heterogeneity. As described above, the wave irradiation with λ = 80 sec maximizes the longitudinal growth of amyloid fibrils compared with their radial growth, which results in the high aspect ratio of these fibrils. Pathway C describes wave irradiation with λ > 80 sec, which leads to the temperature of a protein solution being ~80 °C, when amyloid fibrils are formed such that their diameter depends on λ. We note that unlike a classical heating method 36, 41 , microwave-based synthesis enables the control of the population of both amyloid fibrils and amyloid small aggregates. Specifically, the microwave-based synthesis with using λ = 60 sec (i.e., Pathway A) leads to a predominant population of small aggregates such as pre-fibrillar aggregates, whereas the microwave-assisted chemistry with λ ≥ 80 sec (i.e., Pathways B and C) results in the prevalent population of amyloid fibrils with a length of > 1 μ m (Fig. 2a,b) . Our work demonstrates that microwave-assisted chemistry is useful for controlling not only the conformations of amyloid fibrils but also the population of amyloid small aggregates and amyloid fibrils.
To understand the underlying mechanisms of microwave-induced protein aggregation that results in the formation of amyloid fibrils with their polymorphic structures, we measure the surface charge distribution of amyloid fibrils by using Kelvin probe force microscopy (KPFM) imaging [42] [43] [44] , as recent studies 29, 42, 45, 46 have suggested a critical role for electrostatic interactions in determining the protein aggregation mechanisms. Figure 4 shows the topographic and surface potential images of amyloid fibrils that were synthesized based on microwave-assisted chemistry as well as their conformational heterogeneity. For λ = 60 sec, the surface potentials of short amyloid fibril are distributed in a range of 3 to 30 mV with large variation (27 mV) compared with other fibrils synthesized using different λ values (Fig. 4c) . Here, we note that because the isoelectric point of amyloid fibrils is given by pI = ~4.7, the fibril in a solution at pH 2 exhibits a positive surface charge potential 42, 47 . We measure the surface charge density (α), defined as α(x) = σ(x)/d(x), where σ(x) and d(x) represent the surface charge potential and diameter of an amyloid fibril, respectively, and a coordinate x is defined along the fibril length. We find that except for λ = 60 sec, as λ increases, the surface charge density also increases (Fig. 4d) . Interestingly, the tendency of surface charge density for an amyloid fibril with respect to λ is very similar to that of fibril's diameter depending on λ. This finding indicates that microwave irradiation enables the delicate manipulation of protein aggregation mechanisms due to the wave-driven change of electrostatic interaction, which has a critical impact on the radial growth mechanisms of amyloid fibrils (Fig. 4e) . Our work shows that microwave-assisted chemistry plays a vital role in determining the twisting conformations of amyloid fibrils and their radial growth (which determines the fibril diameter).
Discussion
In this work, we first report that microwave-assisted chemistry allows for understanding how heterogeneous conformations of amyloid fibrils can be formed because the microwave affects the thermodynamics of protein aggregation, which is responsible for the formation of amyloid fibrils. We show that the structural characteristics (e.g., helical pitch, diameter, and length) of β lg amyloid fibrils can be controlled by using microwave-assisted chemistry. It should be noted that we study how the structure of β lg amyloid fibrils can be affected by microwave irradiation because recent studies reported the existence of their polymorphic structures 36, 38 . Our results indicate that microwave-assisted chemistry enables the control of the amyloid fibril structure, which exhibits polymorphic structures. Here, we note that our approach based on microwave-assisted chemistry is only restricted to a specific protein (i.e. β -lactoglobulin) studied in this paper. This study may be extended to other amyloid proteins, which possess the polymorphic structures, for the future work. Our study may provide insight into the conformational heterogeneity of amyloid fibrils for not only further understanding the origin of amyloid-driven pathogenesis (that is dependent on the conformational diversity of amyloid fibrils) but also developing a design principle that is applicable for devising biocompatible and biomimetic materials 11 .
Methods
Sample Preparation. The purified β -lactoglobulin (β lg) solution was prepared as previously described 36, 42 . Briefly, β lg powder (Sigma Aldrich) with 1 wt% is dissolved in pH 2 solution titrated by hydrochloric acid (1 M). More details are provided in the Supplementary Materials. The prepared β lg solution (10 ml) was placed in a microwave (MR-274, LG Electronics). To avoid the evaporation of the solution due to the superheating effect, the vial was hermetically sealed with many layers of paraffin film. To transfer microwave energy to the β lg protein solution, we used chronic intermittent wave irradiation, which is effective in transferring the microwave energy to the solution when the output power of the microwave is high 48, 49 . Specifically, to delicately control the thermal energy of the protein solution driven by microwave irradiation, we attempted to transfer the wave to thermal energy for a protein solution in a discrete, consecutive manner, which allows for the control of energy influx driven by microwave irradiation. In particular, we controlled the wave irradiation time (τ), time interval for irradiation (λ), and the number of exposures to wave irradiation (N). The details of microwave irradiation conditions that affect the temperature distribution of the protein solution are presented in Fig. S1-S5. AFM and KPFM Imaging. A diluted solution containing amyloid fibrils was dropped onto a freshly cleaved mica surface and then rinsed with distilled water or acidic solution three times, followed by Figure 3 . Protein aggregation mechanisms due to microwave irradiation. Pathway (A) describes the formation of pre-fibrillar aggregates such as short fibrils and small aggregates that are formed by microwaveassisted chemistry with using λ = 60 sec (resulting in T > 90 °C). Pathway (B) suggests the formation of amyloid fibrils with their diverse twisting conformations due to unstable stacking mechanism when the fibrils were synthesized based on microwave-assisted chemistry with using λ = 80 sec. Pathway (C) depicts that as λ increases (where λ > 80 sec), so do the fibril thickness (i.e., diameter) and helical pitch of amyloid fibrils, respectively. nitrogen-based drying. AFM images of amyloid fibrils were obtained in the tapping mode of AFM using a diving board-shaped cantilever tip (TESP, Bruker). For KPFM imaging, the diluted solution was dropped onto a silicon substrate. KPFM imaging was performed using a conductive cantilever tip (SCM-PIT, Bruker). The details of KPFM imaging are reported in our previous works [42] [43] [44] . The AFM and KPFM images of amyloid fibrils were analyzed using the Nanoscope Analysis software (Bruker). 
